Constructed wetlands have gained acceptance as a means of treating stormwater runoff from urban developments. Much of the available data regarding the performance of these facilities is based upon monitoring conducted over the course of less than two years, and as such inherently assumes that the period of analysis represents the "typical" or "design" conditions under which these facilities are intended to operate. While this information has provided guidance regarding the mechanisms by which wetlands provide quality treatment of urban runoff, it does not fully reflect the variability of conditions under which the facilities operate over the fullness of time, which is of particular concern to designers and operators.
Introduction
The Dartnall Road Interchange is located within the Red Hill Creek watershed in the City of Hamilton, Ontario, Canada (Fig. 1) . The interchange connects Dartnall Road with the Lincoln Alexander Parkway. Stormwater quality control for runoff from the interchange ramps and a portion of the Lincoln Alexander Parkway is provided by three constructed wetland facilities. The wetlands were constructed in 1996 and became fully operational in 1997 when the Lincoln Alexander Parkway opened to vehicular traffic.
Investigations by fisheries specialists prior to construction, determined the presence of fish species within the Red Hill Creek which flows through the interchange (Philips Planning and Engineering Ltd. 1993) . Given that the interchange could not be relocated on account of the transportation needs, the construction of the interchange in the planned loca-tion constituted a harmful alteration, disturbance or destruction (HADD) to fish habitat, hence approval was required from the federal Department of Fisheries and Oceans (DFO). As a condition of DFO permitting, a seven-year monitoring program, which was to include water quality sampling, was prepared and submitted for agency approval (Scheckenberger et al. 1996) .
The monitoring program included water quality analyses of runoff at the inlets to, and outlets from, the wetlands. Water quality sampling commenced in 1997, and in 1998 a sampling protocol was established in order to evaluate the removal efficiencies of the facilities. The water quality sampling continued until the completion of the field monitoring program in the fall of 2001. The monitoring program assessed the operating conditions and effectiveness of wetlands over an extended period, beyond that which is typically completed for such systems (i.e., 12 months or less), and has facilitated an assessment of wetland performance which accounts for seasonal variations in operating conditions which occur from one year to the next. This paper highlights the findings from this monitoring program and provides conclusions and recommendations for future studies.
Wetland Facility Designs
The three subject wetlands provide quality treatment of highway stormwater runoff at the Dartnall Road Interchange (Fig. 2) . At the time of design, the Red Hill Creek represented a warm-water fisheries habitat. The governing criteria of the day required a permanent storage volume roughly equal to the volume generated by 13 mm of rainfall over the entire drainage area, with an equal storage volume within the "intermittently flooded" (i.e., extended detention) portion of the facility above the normal water surface elevation (MOE/MNR 1991) . It was further required that the volume within the extended detention portion of the facility be detained for no less than 24 hours. Table 1 summarizes the design parameters of each wetland facility (Philips Planning and Engineering Ltd. 1993) .
Each facility receives runoff from the highway surfaces. In addition, Wetland 3 receives runoff from approximately 15 ha of a nearby residential development.
Wetland 1 and Wetland 2 have been designed to operate in series (Fig. 2) . The 5.01-ha drainage area to Wetland 1 has been included in the design of the permanent pool and extended detention volumes for Wetland 2. Therefore, the combination of Wetland 1 and Wetland 2 provides approximately twice the requisite volume to service the 5.01-ha drainage area. 
The Water Quality Monitoring Program Water Quality Sampling Methodology
The water quality component of the monitoring program essentially extended from May 1 to October 31 for the years 1997 to 2001 inclusive. Water quality samples were obtained for three storm events for each year of the monitoring program. It was required that the highway surfaces have sufficient time to accumulate contaminants, and the storm intensity be sufficient to remove the contaminants from the highway surfaces. The events used for sampling were typically based upon a qualitative or predictive assessment of the storm's intensity at the time of the event and shortly before sampling commenced, as well as the period between storms (i.e., the inter-event period) during which contaminants would accumulate on the highway surfaces.
Water quality grab samples were taken at each inlet to the wetlands (Stations 2, 4 and 5 of Fig. 2 ), as well as within the Red Hill Creek proper upstream and downstream of the Dartnall Road Interchange (Stations 1 and 7 of Fig. 2) , during or shortly after each storm event. In order to obtain a representative or "average" sample of the water quality during the first flush, a composite sample was obtained at each station by half-filling the containers during the first half of the storm (i.e., on the rising limb of the hydrograph) and topping-off the containers during the second half of the storm (i.e., on the receding limb of the hydrograph).
Water quality grab samples were taken at the outlet of Wetland 2 and Wetland 3 (Stations 3 and 6 of Fig. 2 ) approximately 12 hours after the onset of the storm event and the initial "first-flush" sampling. This delay typically allowed time for the stormwater runoff to travel through the wetlands to the outlet, and allowed the creek level to fall below the level of the wetland outlet, thereby avoiding any mixing of the wetland efflu- ent and creek water. This protocol for obtaining water quality samples at the wetland outlets was established for the last four years of the monitoring program.
All water quality grab samples were analyzed by a licensed laboratory for pH, BOD 5 , anions, nutrients, microbiology and metals. This provided a more comprehensive basis for evaluating the loading conditions under which the wetlands operate, as well as determining removal efficiencies of these facilities.
Sampling Event Characteristics
Precipitation data for each of the storms monitored were obtained from the Atmospheric Environment Service rain gauge in the City of Hamilton at Mount Hope, located approximately 9 km southwest of the Dartnall Road Interchange. Given that the drainage area and the rain gauge are both at the same general elevation, this was considered an appropriate gauge to represent rainfall input. Characteristics of each storm sampled are provided in Table 2 .
The data in Table 2 indicate that over the course of the five years of water quality monitoring, the wetlands have been assessed for a variety of rainfall distributions and intensities. As well, the wetlands have been evaluated for events during abnormally dry summers (such as 1999 and 2001) as well as wet summers (such as 2000), which consequently influ- 
Water Quality Data
The grab samples at the Dartnall Road Interchange have been analyzed for 46 specific contaminants and water quality indicators, including five-day biochemical oxygen demand (BOD 5 ), total suspended solids (TSS), total Kjeldahl nitrogen (TKN), total phosphorus (Total P), fecal streptococci (Fec. Strep.), Escherichia coli (E. coli), copper (Cu), iron (Fe), lead (Pb), and zinc (Zn).
The contaminant concentrations at the inlets of Wetland 2 and Wetland 3 are presented in Table 3 for the events sampled from 1997 to 2001 inclusive (Philips Engineering Ltd. 1996 -2001 . As noted earlier, Wetland 1 and Wetland 2 receive runoff exclusively from highway surfaces, at comparable, if not identical, levels of impervious coverage. As such, the contaminant concentrations to Wetland 2 are representative of the contaminant concentrations entering Wetland 1. (Note: The gaps in the water quality data have resulted from occasions where inflow to, and/or discharge from, the wetland was not observed during sampling, as well as errors on the part of the analyzing lab when handling or storing the samples.)
The contaminant concentrations at the inlet of Wetland 2 and Wetland 3 have been analyzed in order to determine "typical" contaminant concentrations from highway surfaces. The mean and median concentrations for each contaminant at the wetland inlets are compared in Table 4 , and Fig. 3 and 4. (Note: All statistical analyses of contaminant concentrations have been completed using a lognormal distribution.)
The observed contaminant concentrations within the Dartnall Road wetlands indicate that the concentrations of BOD 5 , TKN, Pb, and Zn were comparable at the inlets of Wetland 2 and Wetland 3. The mean concentration for Fe at the inlet to Wetland 3 was greater than that observed for Wetland 2; this result is anomalous, given the land use draining to each inlet. However, the median concentrations are comparable between the two facilities, and are both comparable to the mean concentration at the inlet to Wetland 3. This indicates that the mean concentrations of Fe at the inlet to Wetland 2 were likely skewed by anomalous concentrations of Fe obtained during the monitoring program.
The mean and median concentrations of Cu at the inlet to Wetland 3 are greater than the concentrations observed at the inlet to Wetland 2; this is supported by the concentration data presented in Table 3 . Although this result is unexpected given the land use draining to each facility, the consistency of this result suggests a higher traffic density west of the interchange, which would contribute to the contaminant concentrations entering Wetland 3.
A literature review has been completed in order to verify the range of contaminant concentrations observed for each facility, as well as the sampling methodology applied for the monitoring program. The sam- pling methodology typically applied in the monitoring programs discussed in the literature either used automated samplers, which retrieved a volume of water for certain measured flows, or used rain barrels to collect the runoff from bridge structures. Both of the methodologies used in other programs clearly vary from the sampling methodology applied in the Dartnall Road Interchange monitoring program. Table 5 compares the observed values with those provided in the literature for highway runoff. The data in Table 5 indicate a high degree of variability in the loading data provided in the literature. The amount and type of pollutant found in highway runoff is affected by many factors, including traffic volume, type of traffic, local land use, and weather patterns (Barrett et al. 1993) . The lower boundary of the concentrations of heavy metals and BOD 5 at Wetland 2 and Wetland 3 are generally lower than the values provided in the literature, however remain within the same order of magnitude. The lowest values were obtained for the September storm event of 2000, which was at the end of a summer with above average rainfall which would have reduced the accumulated mass of contaminants on the highway surfaces. In general, the concentrations observed in the monitoring program are comparable to the concentrations provided in the literature for runoff from the same land use, thus validating the methodology and results observed at the inlets to the wetlands.
Despite the different land use of the areas draining toward each facility, the comparable concentrations of TKN are consistent with literature values which indicate a negligible difference in event mean concentrations (EMC) of TKN for residential land use and highways (Dedman et al. 1998 ). However, highways generally contribute higher EMC for BOD 5 and heavy metals (such as Cu, Fe, Pb, and Zn) than residential land use. The comparable values for BOD 5 , Fe, Pb, and Zn are likely a result of higher traffic density along the Lincoln Alexander Parkway west of the interchange-a portion of which drains to Wetland 3-compared to the traffic density within the interchange ramps which drain to Wetland 2. The increased concentrations due to traffic density could offset the lower concentrations from the residential area draining to Wetland 3.
The results in Table 4 and the data in Table 3 indicate that fecal streptococcus concentrations at the inlet to Wetland 2 were more variable than the concentrations observed at the inlet to Wetland 3, which resulted in the higher mean concentration at Wetland 2. In general, however, there was minimal difference in the "long-term" fecal streptococcus concentrations at Wetland 2 and Wetland 3. This could be the result of ubiquitous strains which cannot be distinguished from true fecal strains by typical analytical procedures (Metcalf and Eddy Inc. 1991) . By contrast, the concentration of E. coli at the inlet of Wetland 3 was generally greater than the concentration to Wetland 2. Given that E. coli is a product of animal waste, the higher concentrations observed at the inlet to Wetland 3 are likely due to the residential runoff entering the facility. Although the median total suspended solids (TSS) concentration to Wetland 3 was comparable to both the mean and median TSS concentration to Wetland 2, the mean TSS concentration to Wetland 3 was significantly greater. During the inspection of the Dartnall Road Interchange facilities for the summer of 2000, the roadside ditch leading to the Wetland 3 inlet structure was observed to be substantially eroded, and sediment had deposited around the catchbasin. By the end of 2000, riprap had been installed along the ditch to protect against further erosion, and the inlet structure had been cleared of sediment. The erosion which occurred prior to the maintenance most likely contributed abnormally excessive sediment loadings to Wetland 3, which consequently skewed the mean TSS concentrations.
The contaminant concentrations at the outlets of Wetland 2 and Wetland 3 are presented in Table 6 for the events sampled from 1998 to 2001 (Philips Engineering Ltd. 1996 -2001 . Since the 1997 monitoring season predated the sampling protocol for removal efficiency calculations, outlet concentrations sampled during that season have not been included in this assessment.
In order to validate the contaminant concentrations observed at the outlets of the wetlands, the contaminant removal efficiency for Wetland 2 and Wetland 3 has been calculated using the following equation:
where Efficiency is the wetland removal efficiency of contaminant, c inlet is contaminant concentration at wetland inlet, and c outlet is contaminant concentration at wetland outlet.
Although it is recognized that current convention regarding the determination of removal efficiency of wetlands recommends calculations based upon mass loadings rather than concentrations, the protocol established for the monitoring program with DFO did not accommodate such a rigorous methodology. The calculations for removal efficiency are, therefore, primarily intended to validate the concentrations observed at the outlets of the facilities, while also providing a more qualitative comparison of the relative removal efficiencies for the various contaminants analyzed.
Removal efficiencies at Wetland 2 and Wetland 3 for each event monitored are summarized in Table 7 . The negative removal rates noted in Table 7 indicate a net increase in contaminant concentrations across the wetlands during the storm event. These increases could have resulted from errors during sampling (i.e., disruption of sediment) or during analysis by the laboratory, or even due to minor rainfall which occurred during the twelve hours between sampling at the inlets and outlets of the wetlands, which could have added further contaminants to the wetland, or to a lesser degree the result of contaminants entering the wetland outlet from the creek when the creek water surface elevation rose above the invert of the wetland outlet structure. Schueler (2002) noted that if the contaminant concentration is near the "irreducible level" negative removal rates could occur even though concentrations at the outlet are relatively low. While Schueler does not provide absolute values associated with this "irreducible" condition, it is possible that the Dartnall Road wetlands have reached this state. Of particular note is the abnormally high magnitude of the negative removal rates determined for Event 3 of 2000. The contaminant concentrations entering the wetlands for this event were significantly lower than the concentrations observed for the other events sampled. These reduced concentrations to the wetlands were likely a result of the excessive rainfall, which occurred during the summer of 2000 (i.e., frequent washoff would have reduced overall contaminant buildup). Since the removal efficiencies observed for this event would skew the results of further analyses, these results have been removed from the sample population, as an outlier condition.
In an effort to validate the calculated removal efficiencies, a sample population has been developed, consisting of the removal efficiencies at both facilities for the events sampled, with the exception of the September 2000 storm event, for comparison with literature values. The mean and median for this population, as well as the 95% confidence interval, have been calculated. Since the current literature pertaining to this type of analysis does not provide any direction regarding the most appropriate distribution for assessing removal rates, the normal distribution (with and without negative removal rates), and the lognormal distribution have been applied. Table 8 compares the resulting mean and median removal efficiencies with values provided in the available literature.
The results indicate that the median removal efficiencies compare favourably with the literature values for each distribution applied. The mean removal efficiencies are generally lower for the normal distribution, however this is likely due to the effects of the negative removal efficiencies. The results for the lognormal distribution indicate higher removal rates for BOD 5 , TKN, Total P, E. coli, and Fec. Strep. than were obtained using the normal distribution; this is likely due to the necessary exclusion of the negative removal rates for the lognormal distribution. As indicated above, there are various reasons why the negative removal rates could have occurred, which include the conditions under which the facilities operate, as well as concentrations which approach the "irreducible level." In the absence of additional quantifiable information regarding the physical, chemical, and biological processes within constructed wetlands, which would influence the removal rates of the above contaminants and could be used to further screen the above data to determine anomalous results, the normal distribution is more representative of the performance of the stormwater management facilities.
The results in Table 8 suggest that E. coli, Fec. Strep., and TSS would be removed more efficiently than any other contaminant in wetland facilities (approximately 85%, 75%, and 75%, respectively). The removal efficiencies for the heavy metals Cu, Fe, Pb, and Zn would typically range between 55% and 60% in wetland facilities, with little difference between the metals. Finally, removal rates for nutrients (Total P, TKN, and BOD 5 ) are generally lower than for the other contaminants and varied significantly during the monitoring season. Based upon the mean and median values calculated for these contaminants, the "typical" removal efficiencies for these contaminants could be as low as approximately 25% and as high as approximately 60%. Statistical analyses of the arithmetic mean and median has also been completed for the removal efficiencies for each wetland, for each year, as well as for the entire period of the monitoring program. The normal distribution has been applied for this assessment. The results are presented in Table 9 and Table 10 , and are presented graphically in Fig. 5 and 6 .
The results indicate that each wetland facility functioned within the expected range for contaminants. In general, Wetland 2 provided superior mean removal rates than Wetland 3 for TKN, Fec. Strep., and E. coli, and comparable removal rates for BOD 5 , TSS, Total P, Cu, Fe, and Pb. The mean removal efficiency for Zn was significantly less for Wetland 2 than for Wetland 3; this was likely due to the abnormally excessive "increase" of Zn (i.e., 258.8 %) observed for the third sampling event of 2001 (Table 7) which skewed the mean removal efficiency.
Wetland Design Comparison
The design of the wetlands at the Dartnall Road Interchange preceded the 1994 criteria for wetland facility design provided by the Ministry of the Environment and Energy (MOEE). Table 11 compares the unitary volumes provided by Wetland 3 and the combination of Wetland 1 and Wetland 2, with the requisite unitary permanent pool and extended detention volumes as prescribed by the MOEE (1994) (Bishop 1995) .
The MOEE defines the requisite extended detention volumes according to the type of fish habitat present within the watercourse prior to development and the associated level of protection. Level 1 habitat protection is required for Type 1 habitats as defined by the Ministry of Natural Resources (MNR), which include:
• Spawning areas for species with stringent spawning requirements • Essential rearing areas • Highly productive feeding areas (wetlands) • Refuges • Constricted migration routes • Habitats supporting endangered, threatened, or vulnerable species • Groundwater recharge areas in coldwater streams Level 2 habitat protection is required for Type 2 habitats as defined by the MNR, which include:
• Feeding areas, particularly for adult fish • Areas of unspecialized spawning habitat • Pool-riffle-run complexes that occur along much of a watercourse The data in Table 11 indicate that Wetland 3 and the combination of Wetland 1 and Wetland 2 exceed the MOEE criteria for extended detention and permanent pool volumes for both Level 1 and Level 2 habitat 46 (132) 32 (45) 17 (22) 46 (132) 40 protection. Although it is recognized that water quality performance of a facility varies with the extended detention and permanent pool storage required, it is generally accepted that storage volumes beyond those recommended by the MOEE would not result in significant benefits to TSS removal (MOEE 1994) . These marginal benefits to water quality with higher storage volumes is further substantiated by the comparable TSS removal efficiencies which have been determined for the Dartnall Road wetlands. The data in Table 11 further indicate that the combination of Wetland 1 and Wetland 2 provide more than twice the unitary extended detention and permanent pool volume compared to Wetland 3. The higher unitary volume of the combination of Wetland 1 and Wetland 2 as compared to the unitary volume within Wetland 3 would proportionately increase the residence time within the combined facilities. The higher removal efficiencies of TKN, as well as the microorganisms (Fec. Strep. and E. coli) are most likely related to the increased residence time within the two facilities. The removal efficiency of Fec. Strep. by Wetland 3 could have been further hindered by the high concentration of Fec. Strep. entering the facility. Since BOD 5 removal is a function of the residence time within a facility, the comparable BOD 5 removal efficiencies indicate that the majority of the organic matter entering the wetlands is metabolized within the first 24 to 48 hours, hence the increased residence time afforded by the combination of Wetland 1 and Wetland 2 has not provided a significant increase in the removal of organic matter from the runoff.
Phosphorus removal within natural systems is generally achieved by chemical precipitation and adsorption (Metcalf and Eddy Inc. 1991) . As such, the removal of phosphorus is more related to TSS removal than the removal of other nutrients, such as BOD 5 and TKN. Since each facility exhibited comparable TSS removal rates, it is reasonable that the removal of Total P would also be comparable.
Both Wetland 3 and the combination of Wetlands 1 and 2 exhibited comparable removal efficiencies for Cu, Fe, Pb, and Zn, thus the results indicate that the removal of heavy metals within the facilities was less sensitive to variations in facility volume than the other contaminants monitored. Moreover, the comparable removal efficiencies for each of the heavy metals suggests that each of the heavy metals sampled are removed by the same processes (i.e., adsorption to sediment or uptake). In a study of highway runoff from the Burlington Skyway in Burlington, Ontario, Marsalek et al. (1997) noted that heavy metal concentrations in filtered samples represented between 35% and 45% of the concentrations in whole-water samples. Given that the removal efficiencies for the heavy metals is generally in the range of 60%, the Dartnall Road results indicate that the primary, if not the exclusive means, of heavy metal removal within wetlands is by adsorption to sediment, which largely settles within the facility forebays. The similar removal efficiencies for heavy metals between the two facilities indicates that the additional extended detention and permanent pool volume obtained by connecting Wetland 1 and Wetland 2 in series has not provided an appreciable increase in the removal efficiency of heavy metals for each facility.
The Red Hill Creek which flows through the interchange receives runoff from highly urban drainage areas. Grab samples were obtained during the first round of sampling at locations upstream and downstream of the interchange in order to assess the "background" contaminant concentrations within the receiving watercourse; the results are presented in Table 12 .
Additional analyses have been completed in order to determine the mean, median, and 95% confidence interval for the above contaminants within the Red Hill Creek. The results are presented in Table 13 .
The results in Tables 12 and 13 indicate that comparable levels of BOD 5 and TKN were observed upstream and downstream of the interchange. The concentrations of TSS, Total P, metals, and bacteria were slightly higher downstream of the interchange, however given the size of the local drainage area, the results do not support any direct conclusions regarding the wetland performance.
Additional analyses have been completed in order to compare mean and median contaminant concentrations from the roadways and at the wetland outlets with the background concentrations within the creek upstream and downstream of the interchange. The results are presented in Tables 14 and 15 , and Fig. 7 and 8 .
The results indicate that contaminant concentrations from the roadways were generally lower than the background contaminant concentrations within the Red Hill Creek; this is likely a result of the highly urbanized, sewered and untreated stormwater which drains to the Red Hill Creek upstream of the interchange, as well as the benefits associated with the "pre-treatment" of the highway runoff, which would be provided by grassed swales within the interchange. The results further indicate that the contaminant concentrations from the wetlands were lower than the contaminant concentrations from either the roadway or within the Red Hill Creek, demonstrating the benefit of the water quality treatment provided by the facilities.
Conclusions and Recommendations for Future Work
The Dartnall Road Interchange monitoring program has provided a meaningful database for assessing the contaminant concentrations from urban roadways, particularly in the City of Hamilton, under a variety of conditions for which the facilities function, as well as a means of evaluating removal efficiencies for the facilities. The monitoring program has assessed the performance of wetlands over a more extended period than has been completed for similar studies, thus providing a more comprehensive means of evaluating the long-term performance of these facilities and their operating conditions.
The nature and concentration of contaminants found in highway runoff are influenced by variations in the type and volume of traffic, the adjacent land use, storm patterns, and antecedent precipitation. Although the variability in contaminant concentrations found in the available literature is significant, the runoff characteristics found in the Dartnall Road Interchange monitoring program generally lie within the range observed in other similar monitoring programs. Overall, both Wetland 2 and Wetland 3 have provided positive removal of contaminants which would otherwise enter the Red Hill Creek. Wetland 1 and Wetland 2 operate in series, and afford a greater unitary extended detention volume and residence time compared to Wetland 3, thereby providing a higher removal efficiency for TKN, Fec. Strep. and E. coli. The removal efficiency of Total P, TSS and heavy metals within the two facilities appeared insensitive to the additional volume. The removal efficiency of BOD 5 was also insensitive to the increased residence time, which indicates that the majority of the organic material is metabolized within the first 24 to 48 hours.
The calculated removal efficiency of the wetland facilities was affected by the flow of water from the channel into the facility, as well as excessive antecedent rainfall, which in some cases substantially reduced the contaminant concentrations entering the facilities. Under these circumstances, the calculated removal efficiencies indicated increases in contaminant concentrations across the wetland, thereby skewing the calculated mean contaminant removal efficiencies.
The information presented in this paper further validates the use of wetland facilities as a means of providing water quality treatment of stormwater runoff from highways. Future work should assess the performance of wetland facilities under severe (i.e., less frequent) storm events, as well as the performance of these facilities under winter conditions and during the spring freshet.
Future research should also evaluate the removal efficiencies based upon total mass loading rather than concentrations. As with similar research, this would require the use of automated samplers and flow gauges in order to obtain weighted samples during storm events.
